Introduction
Fatty acid synthase (FAS) plays a central role in de novo lipogenesis in mammals and birds by catalysing the reaction in the conversion of acetyl-CoA and malonyl-CoA into palmitate. FAS activity is not known to be regulated by allosteric effectors or covalent modifications. However, FAS concentration is exquisitely sensitive to nutritional, hormonal and developmental states [ 1-31. As a first step towards understanding the regulation of FAS gene expression we have cloned [4] and subjected the rat FAS promoter to a molecular biological analysis.
Putative FAS insulin-responsive elements (FIRES): FIRE I, FIREZ, FIRE3 and hepatocyte (h)FIRE in the rat FAS promoter
Not surprisingly for an enzyme that converts dietary calories into a storage form of energy, FAS reacts to diet, with the cognate mRNA undergoing a severalfold induction when a previously starved animal is re-fed [5, 6] . This re-feeding phenomenon is not encountered in diabetic animals, suggesting that the peptide hormone insulin may play a direct or indirect role in the nutritional response of FAS [7] . T o study the molecular basis of the re-feeding phenomenon we embarked on a systematic investigation of the FAS gene promoter of Ruttus norvegicus and have shown that its chromatin structure responds to a nutritional stimulus by altering its sensitivity to DNase I [8] . T h e distribution of DNase I-hypersensitive sites in the rat FAS promoter changed, and their number increased when hepatic chromatin from starved animals re-fed a low-fat carbohydrate-rich diet was compared with that of animals fed a normal diet [8] . In the region of the DNase I-hypersensitive site located at approx. -500 nt Abbreviations used: FAS, fatty acid synthase; FIRE, FAS insulin-responsive element; IRE, insulin-responsive element; CAT, chloramphenicol acetyltransferase; RA, retinoic acid; SRE, sterol regulatory element; SREBP, SRE-binding protein; h, hepatocyte; NF, nuclear factor; HMG, 3-hydroxy-3-methylglutaryl. 'To whom correspondence should be addressed.
we identified a tripartite element, FIRE1, with strong sequence similarity to the insulin-responsive element (IRE) of the human glyceraldehyde-3-phosphate dehydrogenase gene [9] . Using gel mobility-shift assays we showed that the proteinbinding properties of FIRE1 were dependent on each of the three regions: 5'-GCCT, a 6 n t spacer and a 3'-palindrome [8] . Transient transfection of the human hepatoma cell line HepG2 with successively deleted FAS promoter constructs fused to the chloramphenicol acetyl transferase (CAT) gene as the reporter has shown that the promoter construct retaining the DNase I-hypersensitive site mediates a 2.5-fold effect of insulin as measured by CAT activity [lo] . Therefore we proposed that the nutritional effect of the expression of the rat FAS gene may be insulin mediated via protein(s) binding to T o investigate the protein-binding characteristics of FIRE1, footprint analysis of the promoter region containing the diet-induced DNase I-hypersensitive site at -500 nt and whose sequence contains both E-and C U T -b o x motifs was undertaken. Using a series of gel mobilityshift analyses we searched for the FIREl-binding factor by a process of elimination and identified the heterotrimeric transcription factor binding [14] thereon as one that has been conserved from yeast to mammals, namely nuclear factor (NF)-Y [15] . (Table 1 ). Gel mobility-shift studies were carried out using 32P-labelled FIRE2 and FIRE3 to characterize the respective binding factors. USF-1 and USF-2 were shown to bind to both elements, whereas in v i m binding of NF-Y to FIRE3 is dependent on the ionic strength of the running buffer.
Using transient transfection studies with FAS promoter deletion-CAT constructs in primary rat hepatocytes, Fukuda et al. [16] postulated an insulinlglucose-, pyruvate-and polyunsaturated fatty acid-regulatory element, which we have designated as hFIRE (Table l) , between nt -57 and -34 in the FAS promoter. Since this element, rather than FIRE3, might account for the observed 2-fold insulindependent stimulation of rat FAS proximal promoter constructs in H4IIE and HepG2 cells, we used gel mobility-shift analysis to characterize factors binding to hFIRE. Several DNA-protein complexes were observed, and Spl was identified as one of the factors binding to hFIRE, in accordance with the latest data from Fukuda et al. [17] .
T o test whether FIRE1, FIRE2, FIRE3 and hFIRE are involved in the insulin response of the FAS promoter in H4IIE cells, we constructed several versions of the FAS-luciferase promoter fusion plasmid pGL( -1019 to +67) containing deletions of the respective elements. As a control we used the previously identified IRE in the promoter of the human IGFBP-1 gene [18] , known to mediate an inhibitory effect of insulin on a heterologous promoter in human and rat hepatoma cell lines, cloned in front of the thymidine kinase promoter. However, none of the elements tested seems to play a role in insulin regulation of the FAS promoter in H4IIE.
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FIRE3 and inverted CCAAT element (ICE) play a synergistic role in response to retinoic acid (RA) in HepG2
RA antagonizes the stimulatory effects of dexamethasone on FAS transcription rate in foetal rat lung [19] . Using HepG2 as a model system, transfection studies with rat FAS promoter constructs showed that they respond positively to all trans-RA and co-transfected human retinoid X receptor CI [20] . Deletion analyses localized the sequences necessary for RA response to the region between nt -157 and -43, and this region conferred an RA response on heterologous viral promoters. Mutagenesis revealed that two elements acting synergistically are indispensable for the RA response: the ICE from -100 to -92 nt and FIRE3, known to be involved in insulin [ 10,111 and sterol regulation [21] . A third element, GC-I (Figure l ) , located between ICE and FIRE3, might play a minor role in the RA response. Our data demonstrate unequivically that the stimulatory effect of RA on the FAS promoter in HepG2 is mediated by the synergistic effect of the two elements FIRE3 and ICE.
FIRE3 and ICE act synergistically in sterol regulation of the rat FAS promoter
The sterol-regulatory-element (SRE)-binding proteins (SREBPs) are transcription factors involved in the control of fatty acid and cholesterol synthesis in animal cells ([22] and references therein). Enzymes of the cholesterol and fatty acid pathways are activated when cellular sterol stores are limited. In cholesterol-depleted cells proteolysis releases the N-terminal end of SREBP, allowing its translocation into the nucleus [23, 24] where it binds to SREs and activates genes encoding enzymes of cholesterol synthesis [3-hydroxy-3-methylglutaryl (HMG)-CoA synthase, HMG-CoA reductase, farnesyl diphosphate synthase and squalene synthase], cholesterol uptake (low-density-lipoprotein receptor) and fatty acid synthesis (acetyl-CoA carboxylase and FAS). When cells are overloaded with sterols, this proteolytic process is inhibited and the transcription of the genes is reduced [22-261. Binding sites for SREBP-1 and -2 were identified in the FAS promoter [21, 27] . A -1019 to K f l U f l cooperativity synergism; cooperativity ? rat FAS promoter +67 nt fragment of the FAS promoter is activated 18-fold by SREBP-1 in the human hepatoma cell line HepG2. There is one element in the FAS promoter located between -151 and -141 nt that is identical to the SREs in the promoters of the low-density-lipoprotein receptor and the HMG-CoA synthase genes [27] . However, deletion of this region reduced the response to ectopically expressed SREBP-1 by less than 50%, suggesting it plays only a minor role in the sterol regulation of the FAS gene. Indeed, deletion analysis revealed a second SREBP-binding site located between -71 and -50 whose deletion resulted in the loss of the response towards SREBP-1, suggesting that this is the major binding site for sterol regulation of the FAS gene. Interestingly, when the sequence between nt -100 and -82 was deleted from the FAS promoter the SREBP-1 effect was approx. one-tenth that of the wild type. This region of the FAS promoter is GC-rich and includes the ICE element that binds . When the ICE element and its neighbouring GC-box (GC-I) were deleted it could be shown that the former participates in the sterol regulation of the FAS gene. However, when GC-I alone was deleted there was only a slight reduction in the response towards ectopically expressed SREBP-1. 
Conclusion and perspectives
Our data, together with those from other groups, suggest an important role for the elements FIREl (diet), FIRE3 (insulin, sterols and RA), hFIRE (insulin, glucose, pyruvate and polyunsaturated fatty acids) and ICE (CAMP and basal expression) in the regulation of the rat FAS promoter (Figure 1 ). Interestingly, several NF-Ybinding sites (FIREl, ICE and FIRE3) were found in this promoter, implying an important role for the ubiquitous transcription factor in the diet and hormonal regulation of rat FAS. Additionally, these three elements have neighbouring GC-boxes that bind Spl (Figure 1) . The existence of three NF-Y/Spl motifs cannot be purely coincidental, since they are also found at similar positions in the promoters of the FAS genes of rat, chicken [34] , goose [35] and human [36] . 
